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Abstract 
Two different modes of energy-filtering transmission 
electron microscopy (EFTEM) are often used for 
element microanalysis: electron energy-loss spectroscopy 
(EELS) and electron spectroscopic imaging (ESI). 
A new approach was developed which we call 
Image-EELS. This procedure was realized with the 
commercially available standard equipment of the 
energy-filtering transmission microscope CEM 902 
(Zeiss, Germany). 
A series of energy-filtered images is recorded with 
ESI at many different energy losses. In a second step the 
intensity of selected objects is measured for each energy 
loss and plotted as a function of the energy loss, that 
means as an EELS spectrum. 
This method increases the sensitivity of EELS 
analysis, especially for very small and irregular objects, 
because the lateral resolution is enhanced and the noise 
is suppressed by the integration of many pixels belong-
ing to one type of object. Many spectra can be calculat-
ed from one image series, enabling the comparison of 
spectra from different objects. Selected images from the 
series can be used for ESI elemental mapping, so that 
errors and limits in the different mapping procedures can 
be detected. 
Image-EELS is a synthesis of EELS and ESI and as 
such it constitutes a considerable progress for element 
microanalysis with EFTEM, not only for biological 
objects. 
Key Words: Electron energy loss spectroscopy (EELS), 
electron spectroscopic imaging (ESI), energy filtering 
transmission electron microscopy (EFTEM), element 
analysis, electron microscopy, calcium. 
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Introduction 
Energy-filtering transmission electron microscopy 
(EFTEM) is a relatively new method which enables 
many different analytical approaches for physicists, 
material scientists and biologists (Leapman and 
Andrews, 1991; Reimer et al., 1992). It is realized in 
electron microscopes with an imaging spectrometer as it 
is commercially available in the CEM 902 and CEM 912 
(Zeiss, Germany) since several years. Interactions of 
beam electrons with the sample may result in energy 
transfer to sample electrons (inelastic scattering) and this 
is reflected by a characteristic energy-loss of beam 
electrons. This energy loss is analyzed with the spec-
trometer and the information of the energy spectrum can 
be used in different ways (Reimer et al., 1992). 
In contrast to scanning transmission electron micros-
copy (STEM) with energy-loss spectrometers below the 
image plane, EFTEM enables the direct imaging in the 
energy-filtered mode with the full lateral resolution of 
transmission electron microscopy (TEM) in very short 
time, thus reducing the exposure time and beam damage 
(Ottensmeyer and Andrew, 1980; Colliex, 1986; 
Leapman, 1986). 
Three modes of EFTEM can be distinguished: 
electron energy-loss spectroscopy (EELS), electron 
spectroscopic imaging (ESI), and electron spectroscopic 
diffraction (ESD) which were all applied successfully to 
biological objects (special issues of Ultramicroscopy, 
32(1), 1990; J Microsc 162(1), 1991 and 166(3), 1992). 
Especially EELS and ESI are widely used for element 
microanalysis, because they allow a sensitive and 
reliable element localization with a high lateral resolu-
tion, but this is possible only with very thin objects, for 
instance ultrathin epoxy resin sections of less than 50 
nm, because multiple scattering obscures the characteris-
tic energy-loss signals. 
For EELS an area of the section is selected and the 
intensity of the transmitted electron beam is analyzed as 
a function of the energy-loss. Inner shell ionizations give 
rise to characteristic signals in well defined energy-loss 
regions and these can be used for element microanalysis. 
The lateral resolution is determined by the size of the 
selected object area.· The intensity of the element signals 
is characteristic for the amount of atoms causing the 
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inelastic scattering, so that a quantitative analysis is 
principally possible, but background corrections are 
necessary for the estimation of the element signal. 
For ESI a range of energy-Joss is selected and only 
electrons within this range are used for imaging. Thus, 
a monochromatic imaging with the full lateral resolution 
of the electron microscope is achieved which allows 
many different imaging modes: zero-Joss imaging with 
increased contrast, low Joss imaging for high-quality 
imaging of thick objects up to lµm thickness, structure-
sensitive contrast imaging below the carbon K-edge, and 
element-sensitive imaging if the energy-loss of a charac-
teristic ionization edge is selected (review: Reimer et 
al., 1992). 
The element-sensitive contrast mode does not allow 
the direct visualization of element distributions, because 
the element-specific signal is much smaller than the 
bac;kground caused by events in lower energy-Joss 
regions (Ottensmeyer and Andrew, 1980). Therefore it 
is necessary to subtract a background image which can 
be obtained by one of several methods using different 
reference images and procedures for background recon-
struction (Reimer et al., 1992). Unfortunately, all these 
methods are sensitive to artefacts of image recording, 
shading corrections, and image processing. The low 
intensity of energy-filtered images especially in higher 
energy-loss regions results in considerable statistical 
noise which increases during image processing. 
Elemental mapping is especially critical in biological 
objects, because these have a very complex and hetero-
geneous composition with greatly varying elastic and 
inelastic scattering properties in the nanometer scale. On 
the other hand, a fas, imaging method is demanded for 
biological problems, because it is often necessary to scan 
extended areas of the objects in order to detect charac-
teristic properties of cells and cellular compartments. 
Low element signals in elemental maps need to be 
proven by EELS data, but this is difficult for very small 
objects, because of the low lateral resolution of conven-
tional EELS in the EFTEM microscopes (Leapman, 
1986). For EELS circular object areas are selected and 
often these cannot be filled completely with the objects 
to be studied, so that mixed spectra from the objects and 
the matrix are recorded. The detection of low element 
signals is thus greatly reduced. 
A difference in sensitivity of EELS and elemental 
mapping with ESI is thus often observed in biological 
objects, although there is no reason to assume a princi-
ple difference between the sensitivity of both methods. 
Therefore a method is needed which performs EELS 
and ESI under identical conditions, so that the findings 
may be compared directly. For this purpose we devel-
oped Image-EELS which was realized with the commer-
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cial standard equipment of the CEM 902 (Zeiss, 
Oberkochen, Germany). The principle of this approach 
is the recording of energy-filtered images over an 
extended energy loss range, each image at a different 
energy Joss. In a second step areas are selected within 
these images and the intensity is measured within the 
complete stack of images for every energy loss, thus 
producing energy-loss spectra. The lateral resolution is 
determined by the pixel size in the energy-filtered 
images and very small and irregular objects can be 
integrated in order to decrease the statistical noise. 
The basic idea of spectrum recording for every pixel 
was originally introduced by Jeanguillaume et al. 
(1978). An approach with STEM called electron energy-
loss spectrum imaging was recently realized with a 
powerful technical equipment (Hunt and Williams, 
1991), and successfully applied for calcium detection in 
freeze-dried cryosections (Leapman et al., 1993). A first 
realization with EFTEM using the CEM 902 was 
presented by Lavergne et al. (1992). These approaches 
make accessible the three-dimensional information space 
of the energy-loss spectrum for every image detail. 
The sensitivity and reliability of elemental analysis 
is greatly enhanced by these new approaches which are 
actually a synthesis of EELS and ESL 
Materials and Methods 
The method of Image-EELS was developed and 
realized using the energy-filtering transmission electron 
microscope CEM 902 (Zeiss, Germany) in a commercial 
standard configuration equipped with computer control 
of the spectrometer and an integrated interactive image-
analysis system (80286 KAT with MfAP 1, TBAS 2.1, 
Zeiss-Kontron, Germany). The image processing system 
with an image memory of 8 MByte uses routinely 8 bit 
images (256 grey levels) and an image size of 512x512 
pixels. Images are recorded with a SIT-TV camera 
(Dage, SIT 66) which is sufficiently sensitive and linear 
to be used as an analytical instrument (Tsay et al., 
1990). Shading effects of the camera are routinely 
corrected using a blacklevel image (electron beam 
switched off) for additive correction and a highly 
defocused image ( one coarse step= + 61 µm out of 
focus) for multiplicative shading correction. The refer-
ence images for the correction are always recorded 
directly after the images for analysis. 
The microscope is operated at 80 kV acceleration 
voltage and for standard Image-EELS an objective 
aperture of 17 mrad is selected, a beam current of 50 
µA and an energy window (slit aperture) of 3 eV. The 
energy Joss can be incremented in steps of 0.5 eV, but 
steps of 1 eV are selected for standard applications. The 
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technical realization oflmage-EELS with this instrumen-
tation was recently described (Kortje, 1994). 
For Image-EELS the size of the individual images 
is reduced to 168xl68 pixels for two reasons: more 
images can be stored and processed in the video memory 
and the reduced area lessens the influence of the second 
order chromatic aberration of the spectrometer (Lanio, 
1986) as well as of illumination differences and uneven 
sensitivity within the TV camera field. The reduced area 
is cut from a position in the TV-image, so that the 
center of the energy distribution caused by the second 
order chromatic aberration is selected. 
The recording of an Image-EELS series of 100 
channels averaging 40 TV-images for each channel 
needs about 8 minutes of which only 3 minutes are net 
recording time (40ms/TV image). The rest is the time 
needed by the image processing system for organizing 
the video memory and this could be cut down using a 
more powerful computer system. The time needed does 
not depend upon the size of the images. 
Structure-sensitive images are recorded (dE=250 
eV) directly before and after the image series. Compari-
son of these two images reveals the drift of the specimen 
during recording which can be corrected for small drifts 
by shifting the individual images pixelwise. 
The program for image recording and evaluation 
was written with the programming language of the 
!BAS-image analysis system. The spectra are available 
as text files and thus they can be processed with any 
other software, in our laboratory with self-made pro-
grams (Turbo-Pascal 6.0, Borland). 
Several biological objects were selected to demon-
strate the operation of Image-EELS: The retina of the 
cichlid fish Oreochromis mossambicus was processed 
according to a cytochemical precipitation procedure for 
the detection of endogenous calcium (Probst, 1986; 
F reihofer et al., 1990). The freshly dissected tissue was 
fixed in 2.5 % glutaraldehyde in 0.1 M phosphate buffer, 
pH 7.4, at 4 °C over night. After washing in phosphate 
buffer the tissue was postfixed for 2 h in 1 % OsO4 
containing 2.5 % K2Crp 1 and 0. 85 % NaCl. After 
washing and dehydration in graded ethanol the samples 
were embedded in Araldite using propylene oxide as an 
intermedium. Ultrathin sections less than 50nm thick 
were analyzed without additional staining in the CEM 
902 (Zeiss). 
In addition, an example of fish brain tissue after 
enzyme histochemical detection of high-affinity Ca-
ATPase with precipitation of cerium phosphate (Kortje 
et al., 1990a, 1991) is presented and a suspension of 
ferritin molecules from horse spleen (Serva, Heidelberg, 
Germany) spread on pioloform-coated copper grids. 
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Fig. 1: Detection of endogenous calcium after cytochem-
ical precipitation in the retina of a cichlid fish. Basal 
part of photoreceptor cell filled with synaptic vesicles 
(arrows) containing cytochemical precipitates and the 
synaptic ribbon (R). The arrowhead indicates the 
synaptic cleft between photoreceptor cell and horizontal 
cells. Photographic negative of structure-sensitive 
contrast mode (dE=250 eV) from unstained ultrathin 
section. (Bar=0.5 µm) 
Results 
The performance oflmage-EELS shall be illustrated 
with examples from the fish retina after cytochemical 
precipitation of endogenous calcium (Freihofer et al., 
1990). 
The cytochemical protocol produces fine-grained 
reaction products which are detectable even with conven-
tional transmission electron microscopy and which show 
a characteristic and highly reproducible distribution: 
concentrations in synaptic vesicles of photoreceptor cells 
(Figure 1), in the membrane discs of rod outer segments 
(Figure 3a), in cistemae of the endoplasmic reticulum 
and in the extracellular space of synaptic contact zones 
(Figure 1). This cytochemical protocol is not designed 
for the detection of the in-vivo distribution of calcium, 
but for the detection of calcium-accumulation sites. It 
was previously shown that the calcium localization, even 
with chemically different precipitation procedures detects 
reproducibly characteristic tissue properties including 
well-known calcium storing sites (Kortje et al., 1990b) 
and that the amount of precipitates changes in response 
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Fig. 2: Elemental mapping of calcium in photoreceptor cell of fish retina (same area as in Fig. 1). (a) Image recorded 
at dE=355 eV, including electrons with the calcium-specific energy loss. (b) Background image recorded directly below 
the calcium Li,3-edge, at dE=335 eV. (c) Difference of (a) and (b) displaying the net calcium distribution. (d) 
Combination of the most prominent calcium signals in ( c) converted to black dots with a structure-sensitive contrast image 
recorded at dE=250 eV. (Bar=0.2 µm) 
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Image-EELS 
Fig. 3: Image-EELS from outer segment region of fish retina after cytochemical calcium precipitation. (a) Structure-
sensitive contrast (dE=250 eV) displaying the membrane stacks of a rod outer segment (0) and melanin granules (G) 
in pigment cell besides a hole in the section. The frame indicates the area selected for Image-EELS. (b) the first 9 images 
at increasing energy loss from 280 eV to 288 eV displaying the rising slope of the carbon K-edge. (Bar=0.2 µm) 
to physiologically meaningful stimulations (Kortje and 
Kortje, 1992). This method is therefore used for the 
detection of calcium-accumulating sites in nervous and 
sensory tissues as indicators for local peculiarities in the 
calcium metabolism. 
For elemental mapping the 2-window method is 
applied which uses one reference image directly below 
the calcium-specific energy loss for background correc-
tion (Figure 2). The cytochemical precipitates exhibit a 
characteristic calcium signal in the element distribution 
map. 
For the demonstration oflmage-EELS an area in the 
outermost layer of the fish retina is selected which 
contains regions with different elemental composition: 
melanin granules in cellular processes of pigment cells, 
empty embedding resin, and a hole in the section (Figs. 
3 and 4). Only the small area indicated in Figure 3a is 
selected for Image-EELS and copied into the image 
memory. Figure 3b displays the first 9 energy-filtered 
images covering the energy range of 280-288 eV with 
the increasing intensity of the rapidly rising carbon K-
edge. In total, 154 individual images were recorded for 
this spectrum from 280 eV to 433 eV and the spectra 
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display clearly ionization edges of carbon, calcium and 
nitrogen (Figure 4). Especially remarkable is the spec-
trum from the hole, indicating an artificial background 
intensity which is not detected with conventional EELS 
in the CEM 902. 
In order to analyse this artefact more in detail, 
spectra were recorded from an Image-EELS series for 
each pixel along a profile from Araldite resin to the hole 
(Figure 3). This information can be plotted for selected 
energy losses as a function of the distance along the 
profile (Figure 5), thus displaying the decreasing intensi-
ty. Even in the center of the hole a background signal is 
still detected. 
Spectra from different objects are recorded with 
Image-EELS simultaneously for each energy-loss and 
therefore they can be directly compared. The subtraction 
of the spectrum of a reference structure, for instance 
empty embedding resin, from the spectrum of a test area 
reveals element signals much more clearly than the 
original spectrum (Figure 6). This subtraction does not 
fulfil quantitative demands, because the test area does 
not contain the same amount of the reference substance 
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Fig. 4: Spectra from three charaderistic regions in 
figure 3: melanin, resin and a hole, measured from 135 
individual energy-filtered images. In the melanin spec-









Fig. 5: Image-EELS from a hole in an ultrathin Araldite 
section (cf. Fig.4). The intensity for selected energy 
losses is plotted as a function of the distance to show the 
decrease in intensity. 
be partly compensated by weighting the reference 
spectrum before subtraction according to the area below 
a reference part of the spectrum, for instance the carbon 
signal. The sensitivity of qualitative element detection is 
thus greatly enhanced. 
At higher energy losses the intensity of the energy 
spectrum decreases rapidly and the sensitivity of the TV 
camera may limit the performance. A high amplification 
of the TV signal increases the noise considerably, but on 
the other hand the image series ought to cover as much 
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Fig. 6: Image-EELS from the synaptic region of a rod 
photoreceptor cell in the retina of cichlid fish. (RP) -
spectrum from integrated reaction products, (HC) -
spectrum from cytoplasm of horizontal cell, (D) -
difference spectrum (RP-HC) after weighting of the 
reference spectrum (HC) according to the carbon 
contribution. The difference spectrum displays a pro-
nounced calcium signal. 
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Fig. 7: Image-EELS spectrum from Ca-ATPase reaction 
product displaying the cerium M4,5-edge. Spectrum at 
high energy losses produced by integration of images 
into the 16 bit video memory and copy of the relevant 8 
bit into the standard memory for image processing and 
measurements. 
guarantee a sufficient dynamic range and to avoid 
rounding errors. An alternative approach for image 
recording is therefore applied for low intensities. 
Several dozens of individual 8 bit TV images (256 
grey levels) are routinely averaged for every channel, 1 
Image-EELS 








Fig. 8: Image-EELS spectrum from ferritin molecules 
on pioloform foil. (a) Spectra from individual molecules. 
(b) Spectrum from the integrated area of 7 molecules. 
The lower line shows the spectrum from formvar foil 
without ferritin. 
TV image in 40 milliseconds. At low intensities, howev-
er, the TV images are integrated into the 16 bit Real-
Time-Video memory (RTV) of the image processing 
system. In a second step the relevant 8 bit information 
is copied into the conventional video memory. By this 
means it is possible to profit from the full 8 bit range for 
data evaluation, although the original on-line TV signal 
covers only part of this range. The noise in the images 
is thus drastically reduced, but the integration and copy 
needs more time than the direct averaging, thus increas-
ing the beam exposure of the object. 
As an example a spectrum of enzyme histochemical 
reaction product from an ATPase localization is shown 
which presents a cerium signal (M 4,5-edge) around 900 
eV, clearly resolvi1:1g the double peak of the white lines 
(Figure 7). 
A standard object for element microanalysis is 
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demonstrated in Figure 8, ferritin molecules spread on 
pioloform foil, again recorded with integration into the 
16 bit memory. The iron signal of individual ferritin 
molecules is faint, but characteristic in Image-EELS 
(Figure 8a). The special capacity of Image-EELS is the 
integration even of very small and irregular objects for 
one measurement and this increases the quality of the 
signal considerably (Figure 8b). 
Three different EELS-modes can be realized with 
the CEM 902 with greatly varying lateral resolution 
which depends upon the magnification and the size of 
the selected area for one measurement. In the spectrum 
mode the energy-dispersive plane is projected onto the 
detector, a photomultiplier tube, and the area is selected 
by the spectrometer entrance aperture. At a magnifica-
tion of 50,000x this selects a circular area with a 
diameter of approximately 200 nm. In the image mode 
the image plane is projected onto the photomultiplier and 
the aperture of this detector selects a circular area with 
a diameter of 13 nm at 50,000x. In Image-EELS the 
images are recorded with the TV-camera and the lateral 
resolution is determined by the area of the object 
covering one pixel in the digital image. At 50,000x the 
pixel resolution is only 1.3 nm. The intensity drops 
rapidly with decreasing the area integrated for one 
measurement. For both conventional EELS modes a 
circular area is selected for one spectrum, while Image-
EELS enables the integration of all pixels belonging to 
one object, so that many individual pixels of irregular 
objects and even of different isolated objects can be 
integrated. The statistical noise is thus decreased without 
losing the high lateral resolution. 
The effect of different lateral resolutions is illustrat-
ed with Figure 9 which presents spectra from a photore-
ceptor terminal after cytochemical calcium precipitation, 
similar to Figure 1. The calcium signal is most promi-
nent if individual pixels are selected from the center of 
reaction products (Figure 9a), but the noise is also very 
high. Integration of reaction products results in low 
noise spectra with a conspicuous calcium signal (Figure 
9b), while the integration of circular areas diminishes 
the calcium signal rapidly with decreasing area fractions 
of the reaction product (Figure 9c and d). 
This effect can be studied separately if differing 
areas from object and reference structure are integrated 
in one spectrum (Figure 10). Image-EELS spectra were 
recorded from melanin and from empty Araldite resin 
(cf. Figure 3). A prominent calcium signal is detected in 
the melanin spectrum, but not in the spectrum from 
resin. This calcium signal decreases if pixels from both 
structures are mixed, and it is almost lost if the resin 
area exceeds the melanin four fold. In conventional 
EELS selecting circular areas, it is often difficult to find 
K-H. Kortje 
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Fig. 9: Image-EELS spectra from a photoreceptor terminal after precipitation of calcium, illustrating the effect of lateral 
resolution on the element detection. (a) Spectrum of one individual pixel of a precipitate. (b) Spectrum of integrated 
reaction products. (c) Spectrum of the contact zone similar to the area selected for conventional EELS in spectrum mode 
at 250,000x. (d) Spectrum of the area surrounding the synaptic contact zone including cytochemical precipitates, 
cytoplasm, and extracellular regions. The selected area matches roughly the area selected for conventional EELS in the 
spectrum mode at 50,000x. 
sufficiently large homogenous object regions to fill more 
than a minor fraction of the test area, especially for 
biological objects. 
For standard Image-EELS the beam current is 
increased to the maximal value (50 µA) and the energy 
window is set to 3 eV instead of 1 eV for standard 
conventional EELS. This increases the intensity and it 
suppresses the noise, but the energy resolution is cut 
down by this procedure. For element detection, howev-
er, it is not necessary to resolve the fine structure of the 
ionization edges. 
Principally, Image-EELS exhibits the same energy 
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resolution as conventional EELS, as it can be estimated 
by determination of the half-width of the zero-loss peak 
which is 1.4 eV for both modes (Figure 11). The energy 
resolution is limited by the setting of the electron 
microscope and not by the EELS mode. In the CEM 902 
it is principally limited to about 1.5 e V (Bihr et al., 
1988). With standard Image-EELS, that means with 
increased beam current and energy window, the fine 
structure of ionization edges is not detected, but it can 
be imaged using the lowest beam current, a 1 eV energy 
window, energy step size of 0. 5 e V, and the integration 








Fig. 10: Image-EELS spectra from mixed ratios of 
melanin and Araldite resin. The calcium signal (Ca) is 
lost if the ratio of resin exceeds that of melanin fourfold. 
The inset visualizes this area fraction. 
Discussion 
Image-EELS adds a powerful mode of element 
analysis to EFTEM as it is realized in commercially 
available transmission electron microscopes with imaging 
spectrometers (EM 902, EM 912, Zeiss, Germany). 
Image-EELS in the presented version was programmed 
completely using the standard instrumentation and 
software of the CEM 902. 
The most important feature of Image-EELS is the 
possibility to integrate spectra from very small and 
irregular objects for one measurement. By this means 
the lateral resolution is enhanced up to one pixel size, 
but the integration reduces the noise. In conventional 
EELS a high resolution is achieved with high magnifica-
tions only. In the CEM 902 the limit is about 2.5 nm for 
conventional EELS (image mode, 250,000x), but the 
intensity for a spectrum of such a small spot is extreme-
ly low. The integration of many spectra recorded one 
after the other is no practical approach, because this 
increases the exposure time and the beam damage. 
Image-EELS spectra from one image series are recorded 
under completely identical conditions, one energy-loss 
after the other for all pixels in the series. Thus the full 
lateral resolution and the possibility for integration is 
retained. This is especially important for biological 
objects, firstly, because they are sensitive to beam 
damage and secondly, because they are very heteroge-
neous in the nanometer scale so that small objects rarely 
fill a circular area of sufficient size for conventional 
EELS. 
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In comparison with spectrum-imaging with STEM 
instruments (Hunt and Williams, 1991), Image-EELS 
has the special feature that the recording time and 
therefore the electron dose do not depend upon the 
image size, but on the number of individual images, i.e. 
of the energy range and the step size. The EFTEM 
method has therefore advantages for large images and 
restricted energy values, conditions which are relevant 
for elemental mapping. 
A discrepancy in the sensitivity of element detection 
with EELS and elemental mapping using ESI is often 
observed for biological objects. Element signals in 
distribution maps are often not easily corroborated with 
EELS. The procedures for elemental mapping, however, 
have all characteristic risks, because the element signal 
is always much lower than the background (Colliex, 
1986; Leapman, 1986). The 3-window method with two 
images below the element-specific energy-loss requires 
a sufficiently large energy range below the edge without 
interactions of other element contributions which is not 
always guaranteed. Especially for the calcium L2 3-edge 
the 3-window method cannot be utilized, because· of the 
directly preceding intensive carbon K-edge. As an 
additional problem this procedure uses two noisy images 
for a mathematical extrapolation of the background. Low 
signals from small structures in net elemental maps thus 
may not be discriminated from the noise. The 2-window 
method using only one reference image needs a correc-
tion of brightness and contrast, but even then it is 
susceptible to mass thickness differences. In biological 
objects the distribution of several elements changes often 
simultaneously, so that generally it cannot be assumed to 
have an identical mass thickness for different objects 
within one ultrathin section of even physical thickness 
(Colliex, 1986). The white-line-method uses one refer-
ence image below the element edge and an additional 
one beyond the maximum of the element signal. The 
background is interpolated linearly. This method princi-
pally underestimates the element signal. All three 
methods need image processing with corrections of the 
original TV-signal. Each error produces an image signal 
and therefore it is uncertain to deduce from signals in 
the elemental map onto the presence of this element 
without further information. An additional complication 
is the intensity loss caused by elastic scattering with 
scattering angles beyond the objective aperture 
(Leapman, 1986; Reimer et al., 1992). This effect can 
be corrected using a zero-loss filtered image, but this 
needs additional image processing, increasing the noise 
and the uncertainty. 
Elemental mapping is an attractive and fast method 
for the analysis of extended objects, but it is sensitive to 
errors, because a small element signal is detected against 
K-H. Kortje 
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Fig. 11: Spectra recorded with Image-EELS (a) and conventional EELS in spectrum mode (b) from thin Araldite section 
including the zero-loss peak. The energy resolution is estimated as the half-width of the zero loss peak. It is identical (1.4 
eV) for both modes and depends upon the instrumental setting of the electron microscope. 
a very high background signal. Especially for low 
concentrations and small structures it is necessary to find 
criteria to assess the reliability of the observations. 
Several indirect hints may determine, if an element 
distribution is valid: (a) Contaminations may occur or 
may be introduced intentionally which exhibit intensive 
scattering. These signals should disappear in elemental 
mapping of all elements not present in this contamina-
tion. (b) The energy windows may be set in a way that 
no element signal is included. The "net distribution 
map" should not show any structure-related signals. (c) 
Control objects may be produced lacking the interesting 
element. (d) Reproducible differences between compara-
ble substructures within one image (for instance organ-
elles in two cell types) indicate a valid difference in the 
element distribution. 
The only direct proof is an element signal in an 
EELS spectrum, but just this is difficult to observe for 
very small objects. 
Image-EELS bridges the gap between EELS and 
elemental mapping in EFTEM, because (1) the spectra 
are recorded under exactly the same conditions used for 
elemental mapping, (2) a mathematical analysis of the 
spectra for every relevant pixel reveals if signals in the 
distribution map are really caused by element edges, and 
(3) individual images from the EELS series can be 
selected for mapping. Therefore Image-EELS is a 
synthesis of EELS and ESL 
Image-EELS is a simple and fast procedure to make 
available the information space of spectral information 
for every object detail, while the conventional methods 
for element analysis with EFTEM profit only from a 
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very limited fraction of this information. This informa-
tion can be used for many analytical approaches, for 
instance for multivariate statistical methods of back-
ground estimation (Trebbia, 1990; Trebbia and Mory, 
1990; Gelserna et al., 1992) or even for the recording of 
series of energy-filtered diffraction patterns. 
A limiting factor for Image-EELS with the commer-
cially standard instrumentation is the capacity of the 
image processing system. More than half of the record-
ing time is needed for image storing, thus increasing the 
time of beam exposure. 256 grey levels are a minimum 
and not sufficient to cover extended ranges of the 
spectrum. A higher sensitivity of the TV-camera would 
also increase the power of Image-EELS. If these limita-
tions are overcome, it seems to be realistic to expect that 
Image-EELS will become a standard tool for recording 
the "information space" of electron energy-loss informa-
tion of biological objects with a nanometer resolution. 
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Discussion with Reviewers 
K. Zierold: Do you use the spectra from the holes in 
the specimen to correct energy loss spectra or images 
from specific particles or compartments for the contri-
bution of stray electrons from the surrounding material? 
Author: The signal from the holes originates from light 
effects of the screen from which the TV camera records 
the images. It was not possible to record any signal from 
holes with EELS using the photomultiplier as detector. 
Therefore this is a local phenomenon in TV images only 
and a general background spectrum which might be 
relevant for the total image cannot be recorded. 
K. Zierold: Is the carbon K-edge a good reference to fit 
energy loss spectra from the cytoplasm and the reaction 
product together in order to reveal the difference 
spectrum (Figure 6)? Would not the zero loss or the 
plasmon peak be a more reliable fitting reference? 
Author: The calculation of the difference spectra is not 
designed as a background modelling for quantitative 
signal estimation. It is a purely qualitative approach for 
comparison of spectra from different areas which may 
reveal easily and rapidly small but characteristic differ-
ences. The carbon signal was used in this example for 
weighting of the reference spectrum, because it is 
obviously different in both spectra, a fact which is to be 
expected. It is not taken into account for element signals 
in other energy loss ranges. The carbon contribution has 
to be weighted according to the relative amount of 
carbon in both areas, because otherwise the carbon 
K-H. Kortje 
signal would appear in negative in the difference spec-
trum. This approach may not be mistaken as a new 
method of "spectrum stripping", it is simply an easy and 
rapid tool for the qualitative detection of small element 
signals which has the advantage that general fluctuations 
in the spectra which may be caused by instability of the 
acceleration voltage or beam current are compensated so 
that local effects are clearly detectable. Therefore it is a 
special feature which is useful in Image-EELS only. 
K. Zierold: Can you estimate the detection limit of Ca 
or another element by the three different spectroscopic 
modes? 
Author: The calculation of detection limits is a very 
difficult and controversially discussed topic. First of all 
there is a discrepancy between ideal test objects and 
· real, complex biological materials consisting of many 
different elements. In addition, quantification is not 
reasonable after cytochemical procedures, so that I 
cannot give any detection limits from my objects. The 
contribution of Image-EELS, if applied to generally 
accepted standard objects will be that the findings with 
elemental mapping can be directly compared with 
mathematical analyses of the spectra so that artefacts 
will be much better recognized and the reliability of 
elemental mapping with ESI can be estimated by analysis 
of the spectra from the very same material. The detec-
tion limit of Image-EELS and elemental mapping with 
ESI are supposed to be very similar, because both use 
the same sort of images. In comparison with conven-
tional EELS realized with EFTEM, the increased lateral 
resolution of Image-EELS enhances the detection limit 
of elements in small objects considerably, but it will 
certainly not approach the detection limit of parallel 
EELS with STEM instruments. 
R.D. Leapman: What 1s the nummum sig-
nal/background ratio that can be detected with the 
Image-EELS approach? Some of the most interesting 
applications in biology involve detection of very low 
levels of elements like phosphorus and calcium with 
signal/background ratios in the range 0.0001 to 0.01. 
Author: This question cannot be answered precisely 
until now. One serious restriction is the use of the TV 
camera for spectrum recording which has a limited 
dynamic range. The complete series of images in the 
selected energy loss range has to fall within the limits of 
only 256 grey levels which are available for image 
processing. Especially in the lower energy loss range, as 
it is for instance necessary for phosphorus detection, the 
dynamic range within each individual image is often so 
narrow that this restricts the quality of the images and 
thus also the detectable signal/background ratio. 
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R.D. Leapman: How large are the random fluctuations 
in beam current between successive energy loss image? 
Can these be eliminated by integrating all pixels in the 
energy-selected images and fitting a high-intensity 
(smooth) spectrum obtained in the image-mode? 
Author: A spectrum of the total image area is routinely 
measured from the image series prior to detail analysis. 
These integrated spectra do not show random fluctua-
tions in most cases, but they reveal clearly any overall 
problems with the beam current, stability of the high 
voltage etc. The noise in spectra from small areas is 
therefore generated mostly from the detector system (TV 
camera), but not from the electron microscope. 
W.C. de Bruijn: In addition to a "time" integration 
during acquisition you proposed an off-line "lateral" 
integration and an increase in slit width, but you kept the 
increment along the eV scale on 1 eV. Would it not be 
better to keep the increment and the slit width in regis-
ter? It reduces the number of images without loss of 
spectral information and increases the spectral precision, 
as spectral information is not (tri)multiplicated. 
Author: The slit width, increment and all other pa-
rameters have to be carefully selected in order to find a 
useful compromise between spectral and lateral resolu-
tion and beam exposure for the special object. If the step 
size is lower than the energy resolution, there is a 
certain redundancy in the information, but in practice it 
turned out that an "overlap" of spectrum information 
increases the quality of the spectrum, because the noise 
is reduced and spectrum features are detected with a 
greater precision and reliability. The minimal necessary 
information for element detection may be recorded of 
course with a greater step size and this decreases the 
irradiation dose considerably. 
